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Summary
Objective: To evaluate the biomechanical, histological and immunohistochemical changes induced in patellar
articular cartilage (AC) in ovine stifle joints 3 months after bilateral lateral meniscectomy, a procedure known to
induce experimental osteoarthritis (OA) in the femoro-tibial joint (FTJ).
Methodology: Fifteen mature adult Merino female sheep were used in this study. Ten were subjected to bilateral-
lateral meniscectomy, while the remaining five were used as ‘non-operated controls’ (NOC). All animals were killed
3 months post-surgery. Topographical biomechanical indentation tests were performed on each patellae using a
UMIS-2000 micro-indentation system. Initial load, relaxed and unload shear moduli were determined using an elastic
analytical model, while the permeability was assessed by comparing the indentation response to a simulated
indentation test conducted using a poroelastic finite element model. Immunohistochemical, normal and polarized
histological studies were performed on each specimen after biomechanical testing.
Results: Patellar AC from meniscectomized joints exhibited an overall decrease in initial ("34%), relaxed ("32%)
and unload shear modulus ("22%), and an increase in the permeability (+72%) relative to NOC cartilage (P<0.01).
The most significant di#erences in mechanical properties occurred on the lateral and central aspects of the patellae.
There were no significant histological di#erence in staining between sections from NOC and meniscectomized joint AC
using Toluidine Blue, a dye which binds to proteoglycans. However immunohistochemical staining with monoclonal
antibody MAb 3B3("), a putative marker of early OA change in PGs, demonstrated increased binding in the lateral
and central regions of patellar sections from meniscectomized joints relative to the same regions of NOC AC. Moreover
polarized light microscopy of Picro Sirius red stained sections revealed a significant decrease in birefringence intensity
in the superficial-middle zones of the lateral and central regions of the patellar cartilage derived from the
meniscectomized joints.
Conclusion: This study has demonstrated that lateral meniscectomy is a procedure which was known to induce
classical OA like changes in AC and subchondral bone of the FTJ also produced an early pathological response in the
patellar AC.
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THE meniscus performs an important role in the
biomechanical function of the knee joint. It
decreases contact stresses acting on articular
cartilage (AC) of the femoro-tibial joint (FTJ) dur-
ing weight bearing and articulation [1] and pro-
vides lateral anterior-posterior stability [2, 3].
Degeneration and traumatic injury to the menisci
is not uncommon and symptomatic patients may281require partial or total meniscectomy. There is
substantial clinical and experimentally derived
evidence that this procedure can lead to premature
AC degeneration and osteoarthritis (OA) [4–7]).
Indeed we [8–13] and others [14–16] have employed
meniscectomy in laboratory animals as a means of
producing an experimental model of OA.
Indentation testing has been shown to be a
reliable method of determining the biomechanical
integrity of intact AC and the changes which
occur with the onset of OA [17–21]. While early
publications used elastic and viscoelastic models
to generate AC mechanical parameters [22, 23],
over recent years biphasic and poroelastic models
282 Appleyard et al.: Effect of lateral meniscectomy on patellar cartilagehave provided new insight into the flow processes
occurring in AC when exposed to external loads
[24, 25]. Loads applied to the indenter in these
studies have generally been such that near physio-
logical stresses were imposed on the AC surface.
Under these conditions the biomechanical par-
ameters are determined by the full thickness com-
pliance of the AC as well as some contribution
from the underlying bone.
In the early stages of OA chondrocytes may
become hypertrophic synthesizing more proteogly-
cans (PGs) than comparable regions of non-OA
cartilage [26–29]. However as the disease
progresses this adaptive or compensatory phase
may be followed by a decompensatory phase [13,
28, 30] where chondrocytes undergo dedi#erentia-
tion accompanied by excessive catabolism of the
extracellular matrix (ECM). It has been suggested
that the superficial zone of AC is the first region to
exhibit morphological, biochemical, and struc-
tural alterations with the onset of OA as manifest
by disruption of collagen organization and fibrillar
spacing [31–34] and suppression of aggrecan syn-
thesis [30]. Although it would be anticipated that
these structural changes to the ECM would influ-
ence the biomechanical properties of the tissue,
limited studies have been undertaken to resolve
this issue [33].
We have developed a computer-controlled ultra
low load indentation system which was capable of
quantitating the near surface biomechanical
properties of AC. In a previous study, this system
was used to investigate the alteration in poro-
elastic properties of normal AC before and after
the surface layer was removed with a microtome.
These data were then compared with the bio-
mechanical properties of superficially fibrillated
cartilage examined under the same conditions [35].
An interesting finding that emerged from this
study was that when the surface layer of these
AC’s were removed, they behaved in a similar bio-
mechanical manner. This finding confirmed that
this instrument was capable of identifying changes
in the superficial zone of AC rather that the full
depth AC and subchondral bone.
A number of monoclonal antibodies (MAb) to
specific epitopes on PGs have been used to identify
the subtle changes which occur in these moieties
during the growth, development and degeneration
of cartilage [36]. Increased reactivity with MAb
3B3(-) has been observed in PGs from OA cartilage
of a cruciate deficiency model in dogs [37, 38], a
meniscectomized knee joint of a sheep [13] and in
naturally occurring OA cartilage of humans [39,
40]. However the relationship between the expres-
sion of the PG epitopes recognized by this MAband the biomechanical properties of AC in an
animal model of OA has not been addressed
previously.
In the present study we describe our investiga-
tions of the regional changes in biomechanical,
histological and immunohistochemical properties
of patellar AC from knee joints of control and
laterally meniscectomized sheep a procedure
known to produce OA changes in the FTJ.Materials and methodsEXPERIMENTAL MODEL
Fifteen 9-year-old female purebred Merino
sheep, provided by the University of Sydney farm
at Camden, NSW, were used for this study. Ten
were subjected to a lateral meniscectomy of both
knee joints (bilateral lateral meniscectomy) as
described previously [12] and the remaining five
were used as non-operated controls (NOC). A sham
operated group was not included as previous
reports have demonstrated that sham operated and
NOC were morphologically and biochemically
indistinguishable [29]. All animals were main-
tained under identical environmental conditions
for three months at which time they were killed by
intravenous infusion of phenobarbitone (10 mL).
Both left and right patellae were immediately
removed under sterile conditions, wrapped in
sterile physiological bu#ered saline (PBS) soaked
gauze, frozen in sealed plastic bags, and stored at
"20)C. The femoral condyles and tibial plateaus
were processed for a separate histological and
immunohistological study the results of which
will be published elsewhere. The protocol used for
this study was approved by the animal ethics
committee of the University of Sydney.BIOMECHANICAL SAMPLE PREPARATION AND ASSESSMENTSample preparation
Prior to biomechanical testing each patella was
allowed to slowly thaw in a beaker of PBS (at 20)C
for 30 min). The patella was then removed from the
PBS and the AC covered with a PBS soaked gauze.
The anterior bone surface was rapidly ground flat
with a cutting disk, the freshly exposed bone
swabbed with alcohol, and then attached to a base
plate using 5-minute epoxy resin. A grid pattern
was projected onto the AC surface using an
inverted light projector and a graduated 35 mm
slide. The distance of the projector from the sur-
face was altered until a 3#4 square grid pattern
was located within the boundary of the patellar
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lage into three distinct zones (lateral, central and
medial) with four indentation locations (identified
by applying 1 ìL of Pirco Sirius red with a
capillary tube) in each cranal-cordal zone (Fig. 1).
A glass cylinder was attached to the base plate
and the patellar specimen covered with PBS at
20)C for a further 30 minutes to allow equilibrium
to be achieved. The base plate was then attached
to a universal jig that allowed the sample to be
oriented about two planes. This whole assembly
was finally attached to the UMIS-2000 X-Y stage
ready for indentation testing.Testing procedure
The AC specimen was orientated by eye such
that the indenter shaft was normal to the AC
surface and the universal jig locked in position.
The hemispherical indenter (1.5 mm diameter) was
lowered under computer control, and a displace-
ment datum set when a tare load of 0.05 mN was
attained and steady. A step load of 5 mN was then
applied to the indenter at a loading rate of 16.5 mN
sec"1. Once the test load was attained the load
was held constant for approx. 450 seconds. Load,
displacement and time data were collected over
the entire load, hold and unload indentation test,
and stored as an ASCII file. Figures 2a and b
demonstrate a typical displacement-time and force-
displacement response of a single indentation test
on ovine patellar AC.Ovine patello-femoral joint
Lateral
L C M
Medial
Histological
sectioning plane
= Indentation location
Patellar cartilage
FIG. 1. Indentation locations seperated into lateral (L), central (C) and medial (M) zones and histological sectioning
planes of patellar articular cartilage.Penetration, w
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FIG. 2. (a) Typical displacement versus time plot attained
from hemispherical indentation of AC under a rapid
load and hold test of P=5 mN. From this data it was
possible to determine the permeability (k) and Poisson’s
ratio (v) for each indentation by comparing with the
response of a FEA simulation indentation test [35]. (b)
Typical force versus displacement plot. From this data it
was possible to determine the initial (Gi) relaxed (Gr)
and unload (G ) shear modulus for each indentation.Cartilage thickness measurement
After the indentation testing was completed,
the sample was transferred to a MTS Bionex
858 universal testing system (Material TestingSystems, Minneapolis, Minnesota) which had a
blunt needle attached to the ram. The needle was
advanced until it contacted with the AC surface
before penetrating the AC at a constant rate ofU
284 Appleyard et al.: Effect of lateral meniscectomy on patellar cartilage0.10 mm sec"1. Penetration was terminated when
there was a significant increase in the measured
load, indicating that the needle was in contact the
subchondral bone [41]. Displacement of the MTS
ram was monitored to determine AC thickness.
The AC was continually irrigated with PBS to
prevent dehydration.Biomechanical assessment
Indenter displacement, w(t), and the applied
load, P(t), data (Fig. 2b) was used to calculate the
initial e#ective shear modulus, Gi* (sti#ness of AC
during initial load application) and relaxed e#ec-
tive shear modulus, Gr* (sti#ness of AC when the
indenter had ceased penetrating into the AC sur-
face under a constant test load) of the AC, using an
elastic equation given by Johnson [42) as,
where
and R is the indenter radius, v the Poisson’s ratio
and G the ‘shear modulus’ of the AC.
After the creep phase, AC piles up around that
indenter [43]. Assuming an elastic response during
unloading, the contact radius in the relaxed state,
ar, was determined by,
ar= Ö (2Rwp"w
2
p) (3)
where wp=(wr+wu)/2, wr the indenter displace-
ment in the relaxed state and wu the indenter
displacement after the load was released, as shown
in Fig. 2b [44]. By rearranging Equation (1) it can
be shown that during unloading the e#ective shear
modulus Gu* can be determined directly from the
relationship,
where P is the maximum load, and wr"wu was the
unload displacement of the indenter [44].
The initial and unload shear modulus (Gi and
Gu) were determined using Equation (2) assuming
a Poisson ratio of 0.5 as used by a number of
previous investigators [45–47]. Errors in calcu-
lated shear moduli due to the finite layer thickness
of the AC on bone were accounted for using
techniques developed by Gao et al. [48].By comparing the time dependent displacement
response of the AC to a poroelastic finite element
model indentation simulation, as shown in Fig. 3,
we were able to determine the permeability (k)
and relaxed Poisson’s ratio of the collagen/
proteoglycan matrix of AC. Assuming the
collagen/proteoglycan matrix was incompressible
in volume but elastically deformable, the relaxed
shear modulus (Gr) of the collagen/proteoglycan
matrix was determined using Equation (1) (refer to
Appleyard et al. [35] for a full description of
method).HISTOLOGICAL AND IMMUNOHISTOCHEMICAL SAMPLE
PREPARATION AND ANALYSISPermeable
h
Impermeable
Axis of
symmetry
+
Impermeable indenter of radius R
Permeable surface
FIG. 3. Geometry, undeformed axisymmetric poroelastic
finite element mesh and boundary conditions used to
stimulate the deformation behaviour of articular carti-
lage indented with a non-porous hemispherical indenter.Tissue staining
On completion of the biomechanical testing,
patellae were sliced using a band saw such that a
central 2 mm wide medial-lateral section encom-
passing the AC and subchondral bone was
obtained (Fig. 1). These osteochondral slices
were decalcified in 10% formic acid/5% formalin,
dehydrated and double-embedded (methyl
benzoate, celloidin, para$n) such that full-depth
cartilage/bone coronal sections were obtained.
Sections were stained with Toluidine Blue (TB),
using a modification of the method described by
Getzy et al. [49]. Patellar sections, with PGs
removed by bovine testicular hyaluronidase (ICN
Pharmaceutical’s (Australia)), were stained with
Osteoarthritis and Cartilage Vol. 7 No. 3 285Picro Sirius red (PSR) using a modification of the
methods described by Junqueira et al. [50]. These
sections were used for the polarized light
microscopy analysis.Immunohistochemistry
Proteoglycan staining with monoclonal anti-
body 3B3(-) (ICN Pharmaceutical’s (Australia),
Seven Hills, NSW, Australia) in the absence of
chondroitinaseABC digestion (ICN Pharmaceuti-
cal’s) was undertaken according to the methods of
Visco et al. [38] with some modifications as
reported by Little et al. [13]. Type I and Type II
collagen were stained with anti-human collagen
Type I and II monoclonal antibodies (ICN Pharma-
ceutical’s), after digestion with pronase K (ICN
Pharmaceutical’s), then bovine testicular hyaluro-
nidase, to expose the appropriate epitopes as
described by Gannon et al. [51].Analysis
Full depth digital images of the lateral, central
and medial zones of each TB and MAb 3B3(-)
stained patellae section were collected using a
Leica DMLB microscope (Leica Mikroskopie und
Systeme GmbH, Wetzlar, Germany) with a 5#/0.15
objective lens, and a digital camera (Pixera
Corporation, Cupertino, CA 95014, U.S.A.) con-
nected to the microscope using a 0.5#C-mount
adaptor. Digital images were stored on a PowerPC
Macintosh (7600/200) computer. Quantitative
assessment of the immunohistological sections
was determined using image analysis software
(Image-Pro Plus, Media Cybernetics, Maryland,
U.S.A.).
Quantitative analysis of birefringence intensity
was conducted using methods similar to Kira´ly
et al. [52]. Patellar sections, with the superficial
zone orientated at 45) to the lower polarization
filter, were viewed through the polarized Leica
microscope. Monochromatic light of wavelength
(º) 550 nm was achieved with an interference filter
(Type: OG 550 nm, Schott, Germany) and used to
transillumination each specimen. Digital images
(256 shades of grey) were collected using the com-
mputer system described above. A full thickness
birefringence intensity profile of each osteo-
chondral section was obtained using Image-Pro
Plus analysis software.STATISTICAL ANALYSIS
Quantitative data generated from the bio-
mechanical and immunohistochemical assessmentof cartilage sections were normalized by logarith-
mic transformation when required. Normal or
transformed data were analysed by a randomized
complete block analysis of variance (randomized
complete block ANOVA) using both topographi-
cal location and control versus meniscectomy
as factors. When the randomized complete block
ANOVA indicated significant di#erences, a
Fishers Post-hoc was used to evaluate di#erences
between individual variables. Birefringence in-
tensity profiles were compared using a series of
two tailed unpaired Student’s t-tests over the
entire profile range. Di#erences were considered
significant when P was less than 0.05.ResultsHISTOMORPHOLOGY AND IMMUNOHISTOCHEMISTRY
Examination of the osteochondral histological
sections from patellae, tibial plateau and femoral
condyles of NOC and meniscectomized joints
showed profound di#erences in the tibial-femoral
tissues but not for patellar AC (Fig. 4). Details of
the tibial-femoral histology in a lateral model of
OA has been described in detail elsewhere [13] but
briefly cell cloning, fibrillation and loss of staining
for PGs using TB were characteristic features in
regions of high contact stress (Fig. 4a and b). TB
staining, however, failed to demonstrate any clear
di#erences between section from patellae of NOC
and meniscectomized joints (Fig. 4c and d). On the
other hand di#erences became apparent when the
‘percentage MAb 3B3(-) staining per unit area’ of
both meniscectomized joints and the correspond-
ing NOC sections were compared (Fig. 4e and f,
and Fig. 5). Patellae sections from the meniscect-
omized joints showed a mean increase in MAb
3B3(-) staining of 50% (P<0.001) over the NOC
sections. While this staining was generally pericel-
lular, some sections showed marked extracellular
matrix staining. As is evident from Fig. 5b the
most significant increase in matrix staining
occurred in the lateral and central regions of the
patellar AC taken from the meniscectomized
joints. Immunohistochemical staining for matrix
collagens using specific monoclonal antibodies for
these proteins showed total absence of Type I
collagen and uniform staining for Type II collagen
in all sections examined (data not shown).POLARIZED LIGHT MICROSCOPY
Figure 6 shows a polarized microscopic image
for both a normal and degenerate patellar AC. It
can be seen that the normal AC has a strong
286 Appleyard et al.: Effect of lateral meniscectomy on patellar cartilage
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degenerate AC has a lower birefringence intensity.
This reduction in birefringence intensity has been
reported to be due to loss of the amount of collagen
and/or change in orientation within the superficial
zone [52]. Comparisons of patellar AC of non-
operated control and meniscectomized knee
joint demonstrated that there was a change in the
mean birefringence intensity in the superficial-
intermediate zone, the most significant alterationoccurring in the lateral and central regions
(Fig. 7).BIOMECHANICAL
When the biomechanical parameters from all
patellar, within each test group (NOC, meniscec-
tomy), were blocked and compared using a ran-
domized complete block ANOVA it was found that
the mean values from the NOC group were di#er-
ent to that of the meniscectomized group (Fig. 8).
The AC from the meniscectomized joints showed
an average decrease in initial (Gi), relaxed (Gr) and
unload (Gu) shear modulus of 34% (P<0.0001), 32%
(P<0.0001) and 22% (P<0.01) respectively, while
there was an increase in permeability (k) of 72%
(P<0.001), relative to NOC values.
When the individual patellae regions (lateral,
central, medial) of each test group (NOC, menis-
cectomy) were compared it was found that the
major contribution to the di#erences between bio-
mechanical parameters before and after meniscec-
tomy was in the response of the AC on the lateral
and central aspect of the patellae. The lateral
region displayed a significant decrease in Gi, Gr
and Gu of 51% (P<0.001), 40% (P<0.001) and 33%
(P<0.05) respectively, while there was a 114%
(P<0.001) increase in k compared with NOCs
(Fig. 9).
There was no significant variation in the thick-
ness of the patellar AC between any of the groups
tested (results not shown).15
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bar=0.5 mm.)Discussion
For a number of years the menisci were consid-
ered by many to provide no structural function
within the knee joint, merely remaining as a relic
of embryonic development. Substantial evidence is
now available to confirm that the menisci play
critical roles in the biomechanical function of the
joint, especially in protecting the articular sur-
faces of the femoral condyle and tibial plateau [1,
53–55], increasing knee joint stability [2] and pro-
viding shock absorbance [55]. It is not surprising
therefore that surgical excision of the menisci
leads to premature degradation of AC of the FTJ
and is a major risk factor for OA in later life [4–7].
Although the patello-femoral joint would appear
not to be directly a#ected by the excision of the
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1menisci, any disturbance in normal knee joint
articulation would be expected to influence
patellar tracking and therefore change the stress
distribution acting on its AC. This assumption is
supported to some extent by clinical studies which
have shown that patellar OA often coexists in
joints where menisci damage or meniscectomy has
occurred [56]. Failure of AC of the patello-femoral
joint due to abnormal tracking is a well recognized
cause of chondromalacia and OA in man [57].
Our experimental study conducted over a
3-month period suggests that there is a link
between meniscectomy and the onset of AC
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**=P<0.01, ***=P<0.001, ****=P<0.0001.)degeneration in the patello-femoral joint. While no
gross morphological alteration in the patellar AC
was apparent (Fig. 4a and b), indentation testing
demonstrated an overall decrease in sti#ness dur-ing initial loading, unloading and in a relaxed
state, as well as an increase in AC permeability
(Fig. 8). All of these biomechanical parameters are
manifestations of early degenerative changes in
AC [17, 19, 33, 46, 58]. Previous in-vivo reports
have described a decrease in PG content and PG
synthesis as a result of decreased stress on AC
[59–63], while increased stress stimulates PG syn-
thesis [62, 64–69]. Topographical analysis revealed
that the most significant change in these bio-
mechanical parameters occurred on the lateral
and central aspects of the patella (Fig. 9). Since
synovial inflammation 3 months after meniscec-
tomy in this model was minimal [13], we conclude
that the AC changes observed were mainly due to
altered alignment and/or tracking of the patella as
a consequence of abnormal joint mechanics and
load distribution. However degeneration of AC
resulting from low level release of inflammatory
cytokines and growth factors from the synovial
tissue, as well as decreased viscoelastic properties
of synovial fluid could not be excluded as
contributing factors.
Compared to the patella, the degenerative
changes which occurred in the femoral-tibial AC of
the lateral compartment following meniscectomy
were well advanced and the biomechanical
integrity clearly compromised (Fig. 4b). Thus
indentation testing was not undertaken on this
specimens as the AC provided little resistance to
the small spherical indenter employed in our
studies, even at the very low load applied.
In the present study the histological findings for
the patellar AC from the meniscectomized joints
indicated that the matrix was essentially normal
with respect to staining of PGs with TB. Although
this dye has been shown to be a reliable, and
semiquantitative stain for PGs [49] it would not
be expected to di#erentiate structural or charge
density changes associated with subtle matrix
reorganization. Polarized light microscopy is
known to be a sensitive method of identifying and
analysing change in proteoglycan organization
[70] and the orientation of the collagen fibrils in
the extracellular matrix [52]. Microscopic investi-
gation of the patellar cartilage sections using
polarized light revealed some disruption of the AC
Osteoarthritis and Cartilage Vol. 7 No. 3 291surface layer, a finding consistent with previous
microscopic investigations of early matrix change
associated with the initiation of OA [31, 32, 34, 71].
Arokoski et al. [33, 34] examined the changes
induced in canine knee AC after strenuous long
distance running lasting one year. They reported
a reduction in the birefringence of collagen in
the superficial zone in certain femoral and
tibial regions which they interpreted as indicative
of a disorganization or a reorientation of the
superficial zone collagen network. These AC
structural changes were associated with a site
specific decrease in sti#ness of the AC [33, 46].
Stockwell et al. [31] studied the AC from medial
tibial plateau, 2 days to 18 months after transec-
tion of the canine anterior cruciate ligament and
reported that the earliest alterations in the oper-
ated joints included an increase in collagen fibril-
lation, increased collagen spacing and reduction
in collagen diameter in the superficial zone. Poole
[32] reported similar surface alterations, however
in both these latter studies no biomechanical
investigations were reported.
It would appear that the biomechanical and
histological changes observed in the patellar AC
in the present model probably reflect a structural
alteration in the superficial matrix in the very
early stages of mechanically induced cartilage
degeneration. This interpretation is compatible
with our immunohistological investigations which
showed increased binding of MAb 3B3(-) to histo-
logical sections removed from the meniscect-
omized knee joints (Fig. 5a and b). Monoclonal
antibody 3B3(-) has been reported to recognize
neoepitopes on chondroitin sulphate present on
proteoglycans elaborated or expressed during
remodelling and repair of AC [36, 38, 72]. Signifi-
cantly, Ostendorf et al. [73] also showed, in vitro,
that increased loading of AC results in enhanced
expression of 3B3(-) epitopes in the matrix. In the
present study the most significant increase in MAb
3B3(-) staining was observed in the superficial and
middle zones of the lateral and central regions of
the patella (Fig. 5b), which as indicated has been
cited as the location where early matrix and
chondrocytic changes evolve. We hypothesise that
these changes may progress to OA based on similar
outcomes reported in other animal models [26, 31,
34, 74] although additional studies will be required
to confirm this suggestion.
From these studies we conclude that lateral
meniscectomy in ovine joints may influence
patellar chondrocyte metabolism and thus initiate
change in the extracellular matrix. Although no
gross structural changes were evident 3 months
post surgery, subtle di#erences in the presentationof the PG epitope 3B3(-), AC surface structure, and
biomechanical properties suggest that cartilage
degeneration had been initiated. We hypothesise
that these events herald the initiation of OA in the
patellae as a consequence of meniscectomy as has
been suggested clinically [56, 75, 76].Acknowledgments
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